Waterflooding is among the most common oil recovery methods which is implemented in the most of oil-producing countries. The goal of a waterflooding operation is pushing the low-pressure remained oil of reservoir toward the producer wells to enhance the oil recovery factor. One of the important objects of a waterflooding operation management is understanding the quality of connection between the injectors and the producers of the reservoir. Capacitance resistance model (CRM) is a data-driven method which can estimate the production rate of each producer and the connectivity factor between each pair of wells, by history matching of the injection and production data. The estimated connectivity factor can be used for understanding the quality of connection between the wells. In the waterflooding operation, the injected water always has the potential of causing formation damage by invasion of foreign particles deep bed filtration (DBF), mobilization of indigenous particles (fines migration), scale formation, etc. The formation damage can weaken the quality of connection (connectivity factor), between the injectors and producers of the field, increasing the skin of injection well. In this paper, DBF is used for creation of formation damage in synthetic reservoir models. Then, it has been tried to find the existence and amount of formation damage by evaluating the connectivity factor of CRM. Finally, the results of that have been used for prediction of skin variation in a real case by using the connectivity factor of CRM.
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Introduction
There are several methods for understanding the quality of connection between injectors and producers of a field, including tracers, traditional reservoir simulators and datadriven approaches (Moghadam et al. 2011; Rong et al. 2016; Suleymanov et al. 2016; Salehian and Çınar 2019) . A datadriven approach uses the injection and production data of a field in order to find the quality of connection between the wells. Capacitance resistance model (CRM) is the most famous data-driven approach that has been introduced and developed recently ). Generally, a CRM can predict output signal of any input-output system that contains a certain mass, electrical charges or heat flow. In the petroleum industry, CRM enables a reservoir engineer to estimate the production rates of producers and also understand the quality of connection between each pair of injector and producer of the field, by history matching of the injection and production data (Sayarpour 2008; Sayarpour et al. 2009; Izgec and Kabir 2010; Kaviani et al. 2012; Moreno 2013; Parekh and Kabir 2013; Zhang et al. 2017; de Holanda et al. 2018; Nwachukwu et al. 2018) . In a CRM, the quality of connection between the wells is achieved by evaluation of a matching parameter called connectivity factor Weber et al. 2009; Mirzayev et al. 2017) . During a waterflooding operation, the formation rock can be damaged by particle invasion, fines migration, minerals precipitation, and pore deformation or collapse (Liu and Civan 1996; Naseri et al. 2015; Vaz et al. 2016; Mahmoud et al. 2017; Kamal et al. 2019) . Particles transport and capturing (DBF) and its effect on permeability of the porous medium are among the main reasons of formation damage (Todd et al. 1984; Baghdikian et al. 1987; Bedrikovetsky et al. 2001; Moghadasi et al. 2004; Wong and Mettananda 2010; Yuan and Shapiro 2010; Bennacer et al. 2013; Oliveira et al. 2014; Sacramento et al. 2015; Kanimozhi et al. 2019) . A particle in porous medium may be a part of the separated reservoir rock, a foreign particle entered to the reservoir by injected fluid or a scale that is generated in the reservoir due to the mixing of incompatible waters (Wat et al. 1992) . When a particle is traveling through the pores, it may get stuck with one of the underlying mechanisms:
Pore plugging: Some of the particles may bridge or plug the pores when traveling through them as presented in Fig. 1a . These particles severely reduce the permeability of the porous medium and also reduce the porosity.
Surface deposition: Some other injected particles may deposit on the surface of the pores by mechanisms presented in Fig. 1b . These particles reduce the porosity and have a small effect on the permeability of the porous medium. Small-size particles may cross the pores without getting stuck.
Many researchers have tried to simulate DBF in a core scale using the continuity equation of the particles (Herzig et al. 1970; Bedrikovetsky et al. 2006; Alem et al. 2013; You et al. 2014; Sacramento et al. 2015) . These researchers have tried to match their simulation with experimental data by estimation of proper matching parameters. The main challenge in development of DBF equations and its application for the flooding operation is the correct determination of the particles capturing rate and its impact on the permeability of the system. The equation of the particles capturing rate used by most of the researchers is as presented below (Iwasaki et al. 1937; Herzig et al. 1970; Vaz et al. 2017) : Fig. 1 Main mechanisms of the particle capturing in the porous media (Vaz et al. 2017) In this equation, is filtration coefficient, which determines the particles capturing rate (the transport rate of the particles from the bulk to the rock vacant pores). Actually, this parameter determines the particle deposition profile along the porous medium. As amount of the filtration coefficient increases, the particles tend to deposit in the injection point of system. Based on different definition of the filtration coefficients, different DBF models can be developed. Some researchers tried to involve the effect of hydrodynamic in the continuity equations of particles. For example, Yuan and Shapiro (2011) considered the effect of detachment of particles (due to the fluid velocity) after deposition and plugging (Yuan and Shapiro 2011) . This phenomenon has been involved in asphaltene precipitation and deposition models too (Wang and Civan 2001) . Yuan and Shapiro (2011) presented a model for non-monotonic deposition profiles by definition of the inverse filtration coefficients (transport of particles from the rock surface to the fluid bulk). Alem et al. (2013) considered the effect of hydrodynamic force (fluid velocity) on the filtration coefficient and showed that the low injection velocity enhances the deposition of particles ).
Most of the researchers have used the underlying equation (Sharma et al. 2000; Bedrikovetsky et al. 2006) or a similar equation with extra matching parameters (Al-Abduwani et al. 2005; Bedrikovetsky et al. 2011; Vaz et al. 2017 ) for determination of the permeability reduction due to the particles deposition.
where K 0 is the initial permeability and is the formation damage factor. There are researchers that have tried to involve pore and particle size distribution in continuity equation of particles in order to present a stochastic model for DBF (Bedrikovetsky et al. 2003; Santos and Bedrikovetsky 2006; Yuan et al. 2013 ). Some researchers have studied particle transport mechanism in pore scale using pore network model (Todd et al. 1984; Sharma and Yortsos 1987; Rege and Fogler 1988; Yang and Balhoff 2017) . Bedrikovetsky et al. (2011) applied the continuity equations of particles in the reservoir scale for determination of wellbore injectivity decline (Bedrikovetsky et al. 2011) .
Invasion of foreign particles, mobilization of indigenous particles and formation of scale can create formation damage during a waterflooding operation (Moghadasi et al. 2004) . It is believed that the formation damage can weaken the quality of connection between the injectors and producers of a reservoir. In the present paper, it is tried to understand the existence and the amount of formation damage (skin) from the results of a CRM. For this purpose, numerical simulation of DBF is used for creation K = K 0 1 + of formation damage in the injector. The structure of the paper is as follows: Firstly, CRM and DBF models are presented, respectively. Secondly, it is tried to verify the DBF model by using the experimental data. Finally, it is tried to survey the effect of formation damage on the connectivity factor of a CRM, by using synthetic and real field data.
Mathematical models

Capacitance resistance model
By assuming different control volumes, different forms of the CRM can be developed, including CRMT, CRMP, and CRMIP (Sayarpour 2008; Weber et al. 2009; Salehian and Çınar 2019) . CRMT (CRM Tank) is used for a system of one injector and one producer. But it also can be applied for a system of several injectors and several producers by assuming a pseudo injector and pseudo producer (Sayarpour 2008) . In CRMT, by assuming a constant productivity index ( J ) and a step variation of the injection rate and the producer pressure in the time interval of Δt k , the producer rate can be estimated as presented below (Sayarpour 2008): where q is the production rate of producer, is the time constant, f is the fraction of injection volume that is toward the producer (connectivity factor; 0 ≤ f ≤ 1 ), i is the injection rate, J is the productivity index, and P wf is the pressure of producer.
CRM producer (CRMP) is used for multiple well systems. It estimates the production rate of each producer and the quality of connection (connectivity factor) between each pair of injector and producer. By assuming a constant productivity index and a step variation of the injection rate and producer pressure in the time interval of Δt k , the production rate of each producer can be estimated as presented in Eq. 2 (Sayarpour 2008) :
In this equation, q j , j , and J j are the production rate, the time constant, and the productivity index of the jth producer, respectively. f ij is the connectivity factor between the ith injector and the jth producer, I i is the injection rate of the ith injector, and N inj is the number of active injectors. Usually, the last term of Eqs. 1 and 2 is neglected (due to the small variation of the producer pressure). The connectivity
factor ( f ij ), time constant ( j ), and the primary production rate of the producer ( q 0 ) are estimated using an optimization process. Among these parameters, the connectivity factor is used for determination of the quality of the connection between the injectors and the producers. It depends on transportation properties of formation rock and fluid. For example, a bigger amount of a connectivity factor in comparison with others may be due to a higher permeability or existence of a fracture between the wells (Kaviani et al. 2012) . It is obvious that the sum of the connectivity factors for an injector must be less than one as presented below ):
In the next sections, the DBF models are presented. Firstly, the equations of DBF for the single -phase fluid flow in the core scale are introduced (DBF in core scale). Good match between experiments and simulations shows that this model can properly model the permeability decline in the core flooding experiments. Then, this model is used for modeling of permeability decline in the field scale by two-phase fluid flow equations (DBF in field scale).
DBF in core scale
The equations of DBF for the single-phase fluid flow in the core scale are as presented below ):
In these equations, K is the permeability of the medium, is the viscosity of the fluid, P is the pressure, 0 is the primary porosity, 0 is the initial filtration coefficient, and Δ m is the maximum reduction in the porosity of the medium ( 0 ,Δ m , and are the matching parameters of the DBF
is the continuity equation of the carrier fluid. The first two terms of Eq. 6 represent the accumulation and the convection of the particles, respectively. The last term of Eq. 6 represents the particles capturing rate (Herzig et al. 1970; Bedrikovetsky et al. 2006 ). Equation 7 relates the particles capturing rate to the porosity reduction. Equation 8 represents the effect of the porosity reduction on the permeability of system (Pang and Sharma 1997; Sharma et al. 2000; Bedrikovetsky et al. 2006) .
As mentioned earlier, some injected particles may deposit over the surface of pores by surface deposition mechanisms. These deposited particles do not change the permeability considerably. But still there is a chance for some of the deposited particles to roll and move on the surface of pores (Johnson et al. 2007) . So a huge amount of particles (rolling particles with those moving in the bulk of fluid) are moving until they get stuck and plug the pores in the tight portions by pore plugging mechanism, as shown in Fig. 1a . Velocity of the carrier fluid ( U ) has a direct impact on pore plugging mechanisms , so the fluid velocity must be involved in the rate of particles capturing rate as shown in the last term of Eq. 5. In this term, there is a parameter called maximum porosity reduction ( Δ m ). When the porosity change ( 0 − ) reaches its limit value ( Δ m ), the particles capturing rate gets zero and no more porosity reduction happens. This note origins from the idea that the big pores never get plugged during the filtration of particles.
When incompatible water is injected into the formation (for example, sulfated water), the ions of the injected water may interact with the ions of the formation water (for example, barium and strontium), and a mineral is formed (barite or celestite). The formed mineral may reduce the porosity and permeability as a particle, by deposition or plugging mechanisms. Hence, the modeling of DBF can cover the effect of scale precipitation-deposition too, and this is why the DBF was selected as the representation of the formation damage mechanisms in this study.
DBF in field scale
Equations of deep bed filtration for a two-phase fluid flow are based on the following assumptions:
• No particle can enter into the oil phase because the particles are water wet. • Oil and water are slightly compressible fluids (with constant compressibility). • The reservoir is homogenous. • During flooding the viscosity of oil and water are constants. • Capillary pressure is zero.
In these equations, S o and S w are the oil and water saturation, C o and C w are the oil and water compressibility, and U o and U w are the oil and water velocity, respectively. The last terms of Eqs. 8 and 9 represent the sink or source terms. Equation 9, 10, and 11 are, respectively, the continuity equations of the oil, water, and the suspended particles. The last term in Eq. 11 represents the particles capturing rate in the field scale. The porosity variation due to the particles capturing is estimated through Eq. 12. The relationship between the porosity and permeability is estimated from Eq. 8.
The oil and water Darcy velocities are expressed as:
where form the Corey correlations we have (Kalantariasl et al. 2014) :
In these equations, S wc is the connate water saturation, S or is the residual oil saturation, K ro S wc is the relative permeability of water at S wc , K rw S or is the relative permeability for oil at S or , and n w and n o are the powers.
Results and discussion
DBF model verification with experimental data
In this section, the experiments of Moghadasi et al. (2004) have been studied in order to prove the correctness of the model in the core scale. Moghadasi et al. (2004) studied the effects of suspension concentration, flow rate, particle size, and particles initially present in the porous media (Moghadasi et al. 2004 ). Moghadasi et al. (2004) injected 1000 ppm suspension of aluminum oxide particles (7 μm diameter) into an artificial core made from spherical glass beads. The permeability and the porosity of the medium were 159 Darcy and 0.38, respectively. Two experiments were accomplished in this medium with the flow rates of 25 mL/min (Experiment 1) and 50 mL/min (Experiment 2). Figure 2 shows the results of simulation in the core scale for the both experiments of Moghadasi et al. (2004) . As it is shown in Fig. 2 , the results of simulation have a good agreement with the experimental data. The optimized parameters after the simulation of these experiments are presented in Table 1 .
Amount of the parameter is the same in both of the Moghadasi et al. (2004) experiments. This is because of the same pore space properties in these experiments (Carageorgos et al. 2010) . The low velocity in the first experiment of Moghadasi et al. (2004) performs bridging of particles that results in the higher rate of the particles capturing ( 0 ) in Fig. 2 Results of the simulation in the core scale for the experiments of Moghadasi et al. (2004) comparison with the second experiment . The lower rate of the particles capturing in the second experiment leads to the more vacant pores that are ready to get filled. Hence, the value of the maximum porosity reduction ( Δ m ) in the second experiment is bigger than the first one.
Formation damage and CRM
In order to study the effect of formation damage on CRM, a synthetic reservoir model has been developed using field scale DBF equations. In this synthetic model, there is one injector and one producer, so the CRMT equation has been applied for it (Eq. 1). , f , and q 0 are the matching parameters of CRMT in the synthetic model, and are calculated from history matching of the injection and production data. In this model, the producer is working under a constant pressure, so during the optimization, the last term of Eq. 1 is ignored. The schematic of the CRMT model in the synthetic case is presented in Fig. 3 . As mentioned before, the f (achieved from optimization of Eq. 1) will be reported as the value of the connectivity factor.
According to the literature, the skin of a wellbore due to the formation damage is a positive number and less than 20 (Horne 1995) . So, the matching parameters of the DBF model in field scale are adjusted to create the formation damage in this acceptable range. The model is run in 3 different DBF conditions including no formation damage (no deep bed filtration), medium formation damage (medium deep bed filtration), and severe formation damage (severe deep bed filtration). The parameters used in each of these runs are presented in Table 2 . As it is presented in Table 2 , the amount of 0 is bigger than the experimental data. The bigger value of 0 makes the formation damage in the vicinity of the injector.
In Table 3 , the constants used for simulation of the synthetic case are presented. The field DBF equations (Eqs. 9-16) are solved numerically using fully implicit finite difference method. In the synthetic case, the injection rate is sinusoidal flocculated to observe the effect of lag time between injector and producer (Fig. 4 ). The production rates achieved from simulation (DBF model) and estimation (CRM) in three different conditions of formation damage are presented in Fig. 4 . As it is shown in Fig. 4 , CRM cannot match the production rate of a severe formation damage case properly, because formation damage is a time-dependent process.
In Fig. 5 , the skin (achieved from permeability reduction of the DBF model) and connectivity factor (achieved from CRM) versus time are presented. As it was mentioned before, the formation damage is a time-dependent process, so as the time interval of the CRM is increasing the amount of the connectivity factor is decreasing. In other words, a continuous reduction of connectivity factor is due to the existence of a time-dependent formation damage.
In Fig. 6 , the connectivity factor versus skin is presented for the two cases of medium and severe formation damage. As it is shown in Fig. 6 , there is an almost linear relationship between theses parameters, when there is a formation damage in the system. This relationship can be . 3 The schematic of CRMT model in the synthetic case used for finding the skin from a set of connectivity factor data.
In the following, the most important parameters that may affect the results of a CRM-Formation damage model are discussed.
Effect of injection rate pattern
In a real injection operation, the injection rate may vary wild and randomly. Hence, a random injection rate pattern has been selected to study the effect of rate fluctuation as presented in Fig. 7 . Note that the total volume of injected fluid in this random injection is equal to the total volume of injected fluid in the previous section to have an equal amount of reactive flow (same formation damage). In Fig. 8 , the connectivity factor and skin versus time for a random injection rate are presented. As it is depicted in Fig. 8 , the injection rate fluctuation does not change the trend of connectivity factor versus skin considerably.
Effect of multi-well production
For understanding the effect of multi-well production, four producer wells were installed in four points of the synthetic reservoir. In this case, CRMP is used for calculation of the connectivity factor (Eqs. 2-3). The schematic of CRMP in the multi-production system is presented in Fig. 9 . According to Fig. 9 , the value of the injector connectivity factor is the sum of the connectivity factors between the injector and all of the producers ( f = ∑N inj i=1 f i ). In Fig. 10 , the connectivity factor and skin versus time for different number of production wells are presented. As it is shown in Fig. 10 , the number of active production wells has no effect on connectivity factor, and a damaged case can easily be detected from a system of multi-production.
Effect of heterogeneity
In order to study the effect of heterogeneity, initial permeability and porosity of synthetic model's grids were adjusted by using normal distribution function. 20%, 10%, and 0% variance were selected to create the heterogeneity in the Fig. 7 Simulated production rate in a random injection rate pattern Fig. 8 Connectivity factor and skin versus time for a different injection rate pattern Fig. 9 The schematic of the CRMP model in the synthetic case model. In Fig. 11 , the results of simulation for different heterogeneities (with no formation damage) are compared with the homogeneous synthetic case (with formation damage). The results of that show that in the early times of injection the trend of connectivity factor in the heterogeneous case reduces continuously, like something happened for the trend of connectivity factor in the homogeneous case. But after enough time, the connectivity factor does not change anymore in the heterogeneous cases. This stabilization of connectivity factor can be used as the criteria of difference between heterogeneity and formation damage. 
Effect of fluid loss
Existence of faults or natural fractures may lead to fluid loss in the reservoir. In this condition, a portion of the injected fluid is not directed toward the producer. For studying the effect of fluid loss on the connectivity factor of system, it was assumed that fluid loss is a time-independent process. In other words, there is a constant rate of fluid loss during the waterflooding operation. 20%, 10%, and 0% reduction of the injection rate was selected as the representative of the fluid loss in the synthetic model. The results of that are shown in Fig. 12 . As it is shown in Fig. 12 , the effect of fluid loss is as same as the effect of heterogeneity. In the early times of injection, the trend of connectivity factor reduces continuously, and after enough time, it stabilizes. Like the heterogeneous cases, the stabilization of connectivity factor can be used as the criteria of difference between fluid loss and formation damage. Anyway, excessive pressure increase in the injector may cause hydraulic fracture, and a timedependent fluid loss that has not been discussed in this work.
Real case
In order to find the effect the formation damage on connectivity factor in a real case, the injection and production data of a field in southern region of Iran were used. In a real field case, the selected data must have the following properties:
• Number of the active wells must remain constant. • The injection pressure should not change considerably (to ignore the creation of fractures).
Only 8 months of injection data with the mentioned properties were available. The unadjusted sea water with high potential of formation damage was injected into the reservoir. So, the injector was damaged considerably. The connectivity factor of the injector versus time is shown in Fig. 13 . The data show that the connectivity factor of the injector has been decreased consecutively that is due to the formation damage. In Fig. 13 , there is the estimated connectivity factor of the ninth month which is achieved from extrapolation.
Due to the commercial problems of an ordinary well-testing method (shutdown of well), the skin was measured only in the 1st and 8th months of injection. The amount of skins versus the connectivity factor for the real case is presented in Fig. 14. According to the linear relation of connectivity factor and skin, extrapolation has been made to find the amount of skin in other months (predictions) . After the 8th month, the wellbore was acidized to remove the damages. According to Fig. 14, if the injection process was continued, the skin would be 3.8.
Conclusions
• Continuous reduction in the connectivity factor estimated from CRM during the waterflooding operation can be considered as a representative of the formation damage in the injector. • Heterogeneity and fluid loss have a time-independent effect on the connectivity factor of CRM, and their effect can be distinguished from the effect of formation damage. • According to the linear relationship between connectivity factor and skin, extrapolations can be made to find the skin, without any ordinary well-testing.
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